(A) A spatial regulation model during mitosis. Once MTs pull sister KTs towards the opposite spindle poles (bipolar attachment), the correct KT-MT attachment becomes stabilized because the Aurora B-locating inner centromere is spatially separated from the attachment sites. Intra-KT stretching may also contribute to this spatial separation.
(A) A spatial regulation model during mitosis. Once MTs pull sister KTs towards the opposite spindle poles (bipolar attachment), the correct KT-MT attachment becomes stabilized because the Aurora B-locating inner centromere is spatially separated from the attachment sites. Intra-KT stretching may also contribute to this spatial separation.
Incorrect KT-MT attachments, such as syntelic and merotelic attachments, are unstable because the Aurora B-locating inner centromere is accessible to the attachment site.
(B) A spatial regulation model during MI. Once the monopolar attachments of sister KTs on both homologous KTs stretch the bivalent by pulling into the opposite spindle poles, the Aurora B/C-locating inner centromere becomes separated from the attachment site. This spatial separation stabilizes the correct monopolar KT-MT attachments. Incorrect merotelic attachments fail to be stabilized because the Aurora B/C-locating inner centromere is accessible to the attachment sites.
(C) No significant difference in KT-MT attachments between stretched and unstretched bivalents. Stable end-on KT-MT attachments at 3 h after NEBD were categorized into monopolar and merotelic attachments of sister KTs (n=3 oocytes). Bivalents that exhibited an 'I'-shape along the spindle axis were defined as stretched bivalents. Bivalents that exhibited a 'v'-shape were defined as unstretched bivalents. 9, 7, and 5 unstretched bivalents; 7, 5, and 4 stretched bivalents in 3 oocytes were analyzed. Error bars, s.d. (A,B) Intra-KT stretching is less frequent during MI than during MII. Oocytes expressing Hec1-mEGFP (green) and tdTomato-CENP-C (red) were imaged at 6 h after NEBD (MI) or during MII. Images after deconvolution are shown. The distance between the peaks of mEGFP and tdTomato signals was measured and plotted. The data for the timepoints at which the peak distance exceeded 80 nm were colored in green (A). The frequency of intra-KT stretching by which the peak distance exceeded 80 nm was plotted in (B) (n=12 KTs from 6 chromosomes for each group). The boxes show the 25th to 75th percentiles and the whiskers show the minimum to maximum. **p<0.01.
(C) Experimental scheme for the fusion of MI and MII oocytes. Zona-free oocytes at prophase of MI and at metaphase of MII were physically attached before an exposure to an electric pulse. The fused oocytes were treated with cytochalasin B and monastrol, which shifted the MII spindle (green) and chromosomes (red) to the center of the fused oocyte. (B) The amount of pT669-BubR1 at KTs progressively increases. Oocytes were stained for pT669-BubR1 (green), ACA (KTs, red), and chromosomes (Hoechst33342, blue). The pT669-BubR1 intensity relative to ACA was measured (n=5 oocytes at each timepoint).
The stretching phase (pink box) and stabilization phase (blue box). Error bars, s.d.
(C) Overexpression of cyclin B1 increases pS659-BubR1. Oocytes expressing mEGFP (control) or cyclin-B1-mEGFP at 2 h after NEBD were stained for pS659-BubR1 (green), ACA (KTs, red), and chromosomes (Hoechst33342, blue). The pS659-BubR1 intensity relative to ACA was measured (n=5, 5 oocytes).
(D) Overexpression of cyclin B1 increases PP2A-B56ε at KTs. Oocytes expressing mEGFP (control) or cyclin-B1-mEGFP at 2 h after NEBD were examined and shown as in (A) (n=5, 5 oocytes). The signals indicated using arrowheads were magnified with fire color coding.
The boxes show the 25th to 75th percentiles and the whiskers show the minimum to maximum. **p<0.01, ***p<0.001. (A) AZD1152 specifically decreases Aurora B/C-dependent phosphorylation of histone H3 at S28. Oocytes were treated with 500 nM AZD1152 (Aurora B/C inhibitor) or 500 nM MLN8237 (Aurora A inhibitor) at meiotic resumption. Oocytes at 3 h after NEBD were stained for pS28-H3 (green), H3 (red) and chromosomes (Hoechst33342, blue). The pS28-H3 intensity relative to histone H3 was measured (n=3, 3, 3 oocytes).
(B) AZD1152 does not affect Aurora A auto-phosphorylation at T301. Oocytes at 3 h after NEBD were stained for pT301-Aurora A (green), pericentrin (MTOCs, red) and chromosomes (Hoechst33342, blue). The pT301-Aurora A intensity relative to pericentrin was measured (n=3, 3, 3 oocytes).
(C) AZD1152 effectively inhibits Aurora B/C within 60 min. Time-lapse imaging of oocytes expressing histone H2B-targeted Aurora B/C activity biosensor. Oocytes expressing H2B-tagged Aurora B/C biosensor were treated with 500 nM AZD1152 at 1.5 h after NEBD. Oocytes treated with AZD1152 before NEBD were imaged as a reference.
The biosensor was excited with a 458 nm laser and the emitted signals were acquired with the CFP (pseudocoloured in green) and YFP (pseudocoloured in red) channels. Maximum intensity z-projection images of selected slices are shown. The FRET efficiency was measured and normalized (n=4, 4, 4 oocytes). Error bars, s.d. Time after NEBD.
(D,E) Aurora B/C inhibition at the stretching phase decreases the phosphorylation levels of the substrates. Oocytes were treated with 500 nM AZD1152 at 3 h after NEBD. The oocytes at 4 h after NEBD were stained for pS24-Knl1 (D, green) or pS55-Hec1 (E, green), KTs (ACA, red) and chromosomes (Hoechst33342, blue). The signals indicated using arrowheads were magnified with fire color coding. The intensity relative to ACA was measured (n=5 oocytes for each group). The boxes show the 25th to 75th percentiles and the whiskers show the minimum to maximum. n.s., not significant, **p<0.01, ***p<0.001.
Scale bars, 10 µm. (B) Univalents fail to stabilize correct KT-MT attachments after timely inhibition of Aurora B/C. The oocytes of Sycp3 knockout mice were treated with 500 nM AZD1152 at 3 h after NEBD. The oocytes at 4 h after NEBD were stained for MTs (green), KTs (ACA, red), and chromosomes (Hoechst33342, blue) after cold treatment. Magnified images of representative KT-MT attachments are shown. Unattached (black frame), lateral (blue frame), end-on merotelic (red frame), and end-on monopolar (green frame) attachment of sister KTs. Bivalents and univalents were distinguished based on the distance between paired KTs. Chromosomes with a distance between paired KTs exceeding 2 µm were categorized as bivalents and the others were categorized as univalents. For each oocyte, we confirmed that the number of univalents was as expected from the number of bivalents and the total number of chromosomes. End-on attachments at 4 h after NEBD were categorized (n=5, 5 oocytes, all 40 KTs were scored in each oocyte). Error bars, s.d.; n.s., not significant; *p<0.05; ***p<0.001. Scale bars, 10 µm.
Supplemental Movies
Movie S1: Visualization of stable KT-MT attachments (related to Figure 1C) Oocytes at 4 h after NEBD were stained for MTs (green), KTs (ACA, red), and chromosomes (Hoechst33342, blue) after cold treatment. Scale bar, 10 μm. Figure 4A) The kinetics of 3mEGFP-PP2A-B56ε recruitment to KTs in monastrol-treated oocytes is similar to that in control oocytes. Time-lapse imaging of oocytes expressing 3mEGFP-PP2A-B56ε (green) and H2B-mCherry (red) w/wo 100 μM monastrol. Maximum intensity z-projection images are shown. Time after NEBD (hh:mm). Scale bar, 10 μm. 
Movie S2: 3mEGFP-PP2A-B56ε is gradually recruited to KTs in living oocytes (related to

Supplemental Experimental Procedures Microinjection
The microinjection of in vitro transcribed mRNAs into oocytes was performed with 1 pg mEGFP-CENP-C and 0.2 pg H2B-mCherry for KT tracking; 4 pg 3mEGFP-PP2A-B56α/β/γ/δ/ε and 0.2 pg H2B-mCherry for PP2A-B56 visualization; 4 pg 3mEGFP-PP2A-B55α/β/γ/δ and 0.2 pg H2B-mCherry for PP2A-B55 visualization; 4 pg 3mEGFP-PP2A-PR72γ and 0.2 pg H2B-mCherry for PP2A-PR72 visualization; 2 pg mEGFP or Ccnb1-mEGFP for cyclin B1 overexpression; 40 pg mEGFP-BubR1-WT/-3D/-3A and 0.4 pg H2B-mCherry for BubR1 expression and KT tracking; 2 pg mNeonGreen-Nsl1, 3 pg PP2A-B56ε-mNeonGreen or 4 pg PP2A-B56ε-mNeonGreen-Nsl1 for PP2A-B56 targeting; 2 pg mEGFP-human INCENP for INCENP immunostaining; 1 pg Hec1-mEGFP and 1pg
Nuf2 for Hec1 immunostaining; 1 pg Hec1-mEGFP, 1pg Nuf2 and 1 pg tdTomato-CENP-C for live imaging of intra-KT stretching; and 8 pg H2B-tagged FRET Aurora B biosensor (Fuller et al., 2008) .
Live imaging conditions
Time-lapse imaging was performed with a customized Zeiss LSM710 confocal microscope.
A 63 x C-Apochromat 1.2NA water immersion objective lens (Carl Zeiss) was used for the imaging of intra-KT stretching. A 40 x C-Apochromat 1.2NA water immersion objective lens (Carl Zeiss) was used for other live imaging experiments.
For KT tracking using mEGFP-CENP-C, we imaged 17 z-confocal sections (every 1.5 μm) of 256 x 256 pixel xy images, which covered a total volume of at least a 32.0 μm x 32.0 μm x 25.5 μm at 3-or 5-min time intervals for at least 8 h after the induction of maturation.
This time frame covered NEBD to anaphase onset of MI. For KT tracking using mEGFPBubR1, we imaged 17 z-confocal sections (every 1.5 μm) of 512 x 512 pixel xy images, which covered a total volume of at least a 32.0 μm x 32.0 μm x 25.5 μm, 15-min time intervals for 12 h after the induction of maturation. The KT signals were peak-enhanced and background-subtracted using a previously described method (Kitajima et al., 2011) .
To visualize 3mEGFP-PP2A-B56ε ( Figure 4A ), we imaged 25 z-confocal sections (every 1.0 μm) of 512 x 512 pixel xy images, which covered a total volume of at least 32.0 μm x 32.0 μm x 25 μm, at 15-min time intervals for at least 8 h after the induction of maturation.
To visualize 3mEGFP-PP2A-B55, -B56 or -PR72 ( Figure S3 ), we imaged 17 z-confocal sections (every 1.5 μm) of 512 x 512 pixel xy images, which covered a total volume of at least 32.0 μm x 32.0 μm x 25.5 μm, at 15-min time intervals for at least 8 h after the induction of maturation.
To analyze intra-KT stretching, we imaged 35 (MI) and 30 (MII) z-confocal sections (every 0.5 μm) of 512 x 512 pixel xy images, which covered a total volume of at least 32.0μm x 32.0 μm x 15-17 μm, at 1-min time intervals for 20 min.
To visualize the H2B-targeted FRET Aurora B/C biosensor, we imaged 5 z-confocal sections (every 5 μm) of 256 x 256 pixel xy images, which covered a total volume of at least 32.0 μm x 32.0 μm x 25 μm, at 5-min time intervals for at least 4 h after AZD1152 was added. CFP was excited at 458 nm, and emissions were collected at 464 -501 nm for CFP and 526 -759 nm for YFP.
Imaging conditions for immunostained samples
An LSM780 confocal microscope equipped with a 40x C-Apochromat 1.2 NA water immersion objective lens (Carl Zeiss) and a GaAsP detector was used. To observe the samples stained for Hec1 and CENP-C, we used a 63x C-Apochromat 1.2 NA water immersion objective lens. We imaged z-confocal sections every 0.25 μm for MT visualization, every 0.25 μm for fusion oocyte imaging, every 0.5 μm for PP2A-B56ε and Hec1 visualization, and every 1.0 μm for other observations. The images of stable MTs were processed with a smoothing filter and then with a sharpening filter in ImageJ (http://imagej.nih.gov/ij/). Maximum intensity z-projection images of selected slices are shown.
KT tracking analysis
Three-dimensional KT tracking was performed as previously described (Kitajima et al., 2011) . For each bivalent, we determined the maximum inter-KT distance (distance between homologous KTs) at metaphase I, which was used to normalize the inter-KT distance of the bivalent at each timepoint. Bivalents with an inter-KT distance >70% were defined as stretched bivalents. We defined bivalents in a stretched state that was maintained until anaphase I as fully bioriented bivalents. Bivalent positions were defined as the middle point of the homologous KTs. The position of the spindle equator was estimated based on the distribution of bivalents and the orientation of stretched bivalents, as previously described (Kitajima et al., 2011) . We defined bivalents that were >5 μm away from the estimated spindle equator as misaligned bivalents.
Intra-KT stretching analysis
To measure the distance between Hec1-mEGFP and tdTomato-CENP-C in time-lapse images, we selected bivalents that are oriented parallel to the focal plane. The signal intensity profile of each color along a line that connects the homologous KTs was fit with a sum of two Gaussians. The peak positions of the Gaussians were used for the calculation of the distance between Hec1-mEGFP and tdTomato-CENP-C. The images were processed for iterative deconvolution in Velocity software (PerkinElmer).
To measure the average distance between Hec1 and CENP-C in fixed samples, we selected bivalents that are oriented parallel to the focal plane. The signal intensity profile of each color along a line that connects the homologous KTs was analyzed. The position that shows a maximum intensity was defined as the peak position. We calculated Hec1-Hec1 distance (ΔHec1) and CENP-C-CENP-C distance (ΔCENP-C) for each bivalent. To obtain the average distance between Hec1 and CENP-C for the bivalent, the difference between ΔHec1 and ΔCENP-C was divided by two.
Quantification of fluorescence signal intensity
To quantify the signal intensities of Hec1, pS55-Hec1, BubR1, pS659-BubR1, pT669-BubR1 and pS24-Knl1 relative to the signal intensities of ACA and CENP-C signals, we used the same method as described in Experimental Procedures. In MII oocytes, we used 15 x 15 pixels (corresponding to 0.89 μm x 0.89 μm) for selecting KT signals. To quantify the level of pS28-histone H3 at the chromosomes and pT301-Aurora A at the MTOCs, we used this same method at selected regions on the chromosomes and the MTOCs, respectively.
To measure the intensity of MTs around KTs, we selected a 3D region of circles with diameters of 8 pixels (approximately 0.5 μm) in 3 slices (0.75 μm in z) surrounding the KT and measured the mean intensity of the MT signal within this 3D region. The background value was obtained by measuring the mean signal intensity in a region in the cytoplasm, and this value was subtracted from the MT intensity value.
To measure the intensity of 3mEGFP-PP2A-B56ɛ, we obtained the mean signal intensity within the 20 x 20 pixels around the KT signal peaks, which were manually selected. We then subtracted the background signal, which was obtained from the outside of the oocyte.
We similarly obtained the cytoplasmic signal near the KT and subtracted the background signal. Finally, we calculated the ratio between the KT and cytoplasmic values.
To measure the intensity of mEGFP-BubR1 at the cytoplasm and KTs, we obtained the mean signal intensity within the 20 x 20 pixels at the cytoplasm and around KTs, which were manually selected. We then subtracted the background signal, which was obtained from the outside of the oocyte, from the cytoplasmic and KT values.
Antibodies
To produce a rabbit polyclonal antibody against mouse PP2A-B56ε, a full-length cDNA fragment of PP2A-B56ε was inserted in frame into the pGEX4T-2 (GE Healthcare) and pET19b (Novagen) plasmids to generate GST-and His-tagged PP2A-B56ε, respectively.
The GST-and His-PP2A-B56ε proteins were expressed in BL21(DE3)pLysS E. coli cells (Promega). GST-PP2A-B56ε was purified by isolating the appropriate band from SDS-PAGE gels. The purified protein was dialyzed with PBS using Slide-A-Lyzer G2 (Thermo) and then used for the immunization of a rabbit (MBL). After salt precipitation of the serum using saturated ammonium sulfate, the anti-PP2A-B56ε antibody was affinity purified from the immunized serum using His-PP2A-B56ε-coupled CNBr-activated Sepharose (GE Healthcare) according to the manufacturer's instructions. The purified antibody was used at a 1:500 dilution for immunostaining.
We used the following primary antibodies for immunostaining: mouse anti-α-Tubulin
